Abstract-In this study, a distributed cooperative control law is proposed to attain multi-agent uniform circumnavigation around moving targets. First, we construct a decentralized estimator for each agent to estimate the geometric center of the targets. Then, we develop the distributed control strategy by means of the estimator, which guarantees that the agents preserve the desired distance to the target center and rotate around the targets at uniformly spaced angles. In particular, the topology structure of the agents only needs to be a tree rather than the ring. Thus, the control scheme is more feasible and robust and requires less information. The convergence of the proposed algorithms is demonstrated based on Lasalle's invariance principle and algebraic graph theory. Several numerical simulations are provided to validate the results.
INTRODUCTION
With the rapid development of computation and communication technologies, achieving coordination control for multi-agent systems to perform a variety of challenging tasks has become possible. Coordination control has drawn more and more attention recently because of its significant benefits and broad applications. Various subjects in this field have been under intense investigation, including consensus, formation, and flocking. In particular, the circumnavigation problem for multi-agent systems has received increasing interest because of its numerous practical uses in science and engineering, such as security and surveillance, orbit maintenance, and source-seeking.
Considerable effort has been dedicated to solving this problem. For instance, a cyclic pursuit strategy was proposed in [1] to achieve uniform circumnavigation. With bearing-only measurements, [2] and [3] developed a distributed control law that steered the agents to encircle a static target. An adaptive scheme was designed in [4] to attain uniform distribution of the agents. Unlike situations where multiple agents circumnavigate the target along one orbit, the authors in [5] considered that the agents circled along different orbits. By contrast, less attention has been devoted to cases with multiple targets. In real applications, such as in cases where unmanned ground vehicles are protected and monitored by armed robotic vehicles, instructing agents to circumnavigate multiple targets is more practical and effective than instructing them to circumnavigate a single target. Therefore, analyzing scenarios with multiple targets is required to improve the implementation of this strategy.
Furthermore, the circumnavigation problem is closely related to the target-enclosing problem, where various enclosing formations may be taken into account (e.g. [6, 7] ). The authors in [6] proposed a distributed control method that enabled the followers to surround the leaders with the polytope configuration. [7] provided an equidistant circular enclosing control law for moving targets. Although these articles investigated different enclosing configurations instead of the circumnavigation formation, their ideas may still be used to analyze the multi-target circumnavigation problem.
Motivated by the previously presented discussion, in this study, we investigate a case where a group of agents must circumnavigate a group of moving targets with only local information. Based on the estimation and control algorithms, we propose a distributed control method to settle the problem. First, a decentralized estimator is built to track the geometric center of the targets. Then, a cooperative control scheme is generated by means of the estimator, which stipulates the achievement of the desired global behavior; as the targets move, the agents uniformly circumnavigate the targets with the estimated center as its centroid. Unlike previous works [1] [2] [3] [4] [5] , where only one target is involved, our work concerns multiple moving targets. Similarly, although the authors in [8] investigated the circumnavigation problem of multiple targets, only one agent was included. Compared with [7] , where an equidistant circular enclosing control law was developed for multiple moving targets, our work also achieves rotation for multi-agent systems to enclose moving targets and the strategy we proposed is easy to implement. In addition, our work uses only the local information of the targets and the topology structure of the agents needn't be a ring, as in several other formation controls.
II. PRELIMINARIES
An undirected graph of order n is denoted as ( , )
and an edge set 
III. PROBLEM STATEMENT
Consider a team of n agents moving in the plane, each of which is described by the following single-integrator dynamics: 
denote the topology structure of the multi-agent system. We assume that each agent is equipped with an onboard sensor that allows it to communicate with its neighbor agents and detect its neighbor targets, where the information flow can be described by Furthermore, in this study, we assume that G is fixed.
Moreover, if any agent has a detection relationship with the targets, then it will be informed of the number of agents correlated to the same target a priori. Now, we consider how to form a geometric pattern for a uniform circumnavigation task of multi-target by the group of n agents. The detailed control objectives are given as follows:
is the radius of the desired enclosing circle.
(ii) lim ( ) 0
otherwise, and agent 1 n X  is the same as 1 X .
Notably, r is unavailable to every agent because it only has local information about the targets. Thus, deriving an estimator of the target center for each agent is a necessary step toward ultimately solving the problem. We shall again assume that n estimators exist, denoted by ˆ( 1,2, , )
of which is embedded in an individual agent. Taken together, the circumnavigation problem investigated in this study can be stated formally as follows:
Concerning multi-agent system (1) and multiple moving targets, derive the estimator ˆi x and control input i u such that the detailed control objectives (i)-(iii) are achieved.
Assumption 1:
The topology structure ( , ) G X E  of the multi-agent system is undirected and connected. One target can be detected at least by one agent. 
IV. MAIN RESULTS
The current section is devoted to dealing with the problem, which consists of two aspects, namely, designing an estimator of the target center for each agent and developing a distributed control law for system (1) to achieve uniform circumnavigation.
A. Estimator of the Target Center
We first attempt to derive the estimator of the target center for each agent. Inspired by [7] , we design the estimator as , . (2) and (3) is to ensure the finite-time convergence of ˆi x to the target center.
Theorem 1:
Suppose that Assumption 1 and 2 hold for system (1) . If
, then the estimator defined by (2) and (3) will converge to the target center r in finite time.
Proof. The proof is similar with [7] and hence is omitted here.
B. Distributed Control Law for Uniform Circumnavigation
In this subsection, we will develop a distributed control law to achieve uniform circumnavigation for the agents, with the aid of the aforementioned center-estimating algorithm. That is, we will find suitable control inputs i u ( 
For each agent, which only has knowledge of its estimator of the target center, we must redefine its position relative to the estimated target center asˆî ),
Here, for (4), ˆ(0) 0 
N denotes the set of neighbor agents of agent i X .
Proof. The theorem is proved by the following three lemmas.
Lemma 1: If ˆi
  takes the form of (4) for any ˆ(0) 0
Proof. As (4) 
